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&3STRACT 

The.f l ight  of Gemini V marked the first 

Administrat ion 

/4767 
demonstration of the use of 

f u e l  c e l l s  as spacecraft power systems. They have a l so  been selected t o  

power the NASA's Apollo and Biosatel l i te  spacecraft and are prime candi- 

dates f o r  use on the A i r  Force's Manned Orbiting Laboratory. 

may be considered t o  be an isothermal steady-state reactor  i n  which the  

conversion of hydrogen and oxygen t o  water i s  accomplished. 

maintain steady-state operation, heat and product removal techniques must 

be applied t o  the fuel  ce l l .  Three hydrogen-oxygen f u e l  c e l l  systems are  

current ly  under development f o r  aerospace applications.  

described i n  terms of t h e i r  basic operating parameters and construction 

features.  

heat- and mass-transfer operations are described. 

A f u e l  c e l l  

I n  order t o  

The three are 

The methods by which each system accamplishes the  required 

TMX-52149 



I The use of fue l  c e l l s  for  spacecraft power will become increasingly 

common i n  the future. 

demonstration of t h e i r  application as a primary spacecraft power system. 

12 addition, they have already been selected t o  supply the main power for 

the  Apollo spacecraft and f o r  the Biosatel l i te .  They are a l so  being con- 

sidered f o r  the A i r  Force's Manned Orbital Laboratory. Undoubtedly other 

missions, both manned and unmanned, w i l l  follow. 

cw'reEt s t a tus  of f u e l  c e l l s  fo r  space missions. 

development a t  the present t h e  are described, with par t icular  en2hasis 

on the chemical engineering aspects of the systems. 

The f l i g h t  of the  Gemini V was the f i rs t  prac t ica l  

This  paper reviews the 

The major systems under 

I n  reviewing the systems vhich are cxrrently being developea fo r  

spaceflight applications,  it is  necessary t o  keep i n  mind tha t  these 

systems are designed t o  m e e t  different types of requirements and r e s t r a in t s  

than would a system designed t o  operate on Earth. 

f l i g h t  place a premium upon weight reduction. Therefore, it becones 

f inanc ia l lg  sound t o  use precious metal catalysts  i f  the eff ic iency 

increase achieved leads t o  a l igh ter  overa l l  system. In  a l i ke  marmer, 

reduction i n  pa ras i t i c  power requirements through the use of passive or 

self-operating system components i s  desirable since t h i s  upgrades the  

overa l l  system efficiency. 

p?obl.ems t o  the f u e l  c e l l  engineer, the most s ignif icant  of which i s  zero 

gravity.  This d ic ta tes  t ha t  special  a t ten t ion  be paid t o  gas-liquid 

separations which are required i n  a par t icular  system design. 

these considerations is  the requirement f o r  high r e l i a b i l i t y ,  which i s  

placed upon a l l  components of a spacecraft. So strong i s  the need fo r  

high r e l i a b i l i t y ,  that simple, maintenance -free component designs may 

sometimes be chosen over a more complicated, but po ten t ia l ly  lighter. or 

The economics of space 

The space environment poses same unique 

Overriding 



more ef f ic ien t  device, for  performing the same function. Thus, designs 

of spacecraft components r e f l e c t  a compromise between the  desire  t o  use 

advanced concepts t o  achieve superior performance and the need t o  maintain 

a conservative viewpoint i n  order t o  ensure high r e l i a b i l i t y .  

A t  the present time, NASA i s  supporting the developent  of three 

d i f fe ren t  hydrogen-oxygen f u e l  c e l l  systems. 

has developed an ion-exchange membrane f u e l  c e l l  system, which i s  cur- 

r en t ly  being used on the Gemini spacecraft. A smaller version of t h i s  

power system w i l l  a l so  be used t o  supply e l e c t r i c a l  energy for the  

Biosatel l i te .  

f u e l  c e l l  powerplant f o r  use on the command/service module portion of the 

Apollo spacecraft. 

Chalmers Corporation i s  presently developing breadboard hardware which 

w i l l  be used t o  eva lwte  i t s  f u e l  c e l l  system for possible future  f l i g h t  

applications. 

The General Elec t r ic  Company 

~ 

Pra t t  & Whitney Aircraf t  i s  developing a medium-temperature 

I n  addition t o  these f l i g h t  programs, the A l l i s -  

The basic function of these three  systems i s  ident ica l ,  namely, the 

conversion of hydrogen and oxygen gases d i r e c t l y  i n t o  e l e c t r i c a l  energy. 

Despite t h i s  s imilar i ty ,  each system di f fe rs  physically and functionally 

from the others. The differences a r i s e  from the spec i f ic  operating 

characteristics of the  individual fue l  cells  which place d i f fe ren t  per- 

formance requirements upon the  a u i l i m y  components, which, together w i t h  

the  f u e l  ce l l s ,  make up the complete power system. 
I 

I From a chemical engineer t s  viewpoint, the  f u e l  c e l l  may be con- 

sidered as a continuous isothermal reactor .  As shown i n  figure 1, the  

f u e l  c e l l  receives a continuous supply of fuel and oxidant. I n  Order t o  

maintain steady-state operation, the reac t ion  product must be removed a t  

the  same ra t e  a t  which it i s  formed and, depending on the  spec i f ic  type 

I 

~ 
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of c e l l  involved, an exchange of heat w i t h  the surroundings must take 

place. This exchange may take the form of e i the r  heat re jec t ion  or 

absorption. 

gen gas, which i s  a highly eff ic ient  and energetic f u e l  when combined 

with pure oxygen as the oxidant. 

operating conditions within the reactor,  the react ion product water i s  

continuously removed. For a single c e l l  operating at  0.8 vo l t  and 100 

percent current efficiency, the t o t a l  hydrogen and oxygen consumption i s  

0.926 pound per kilowatt-hour. 

c e l l  must be removed, th i s  f igure is a l s o  equal t o  the water removal ra te .  

Under these conditions, the heat which must be rejected from the f u e l  c e l l  

i s  equivalent t o  2000 Btu per kilowatt-hour if the water leaves as 

saturated vapor, or 2990 Btu per kilowatt-hour i f  the water i s  exhausted 

as saturated liquid.  

I n  the  case of fue l  ce l l s  f o r  spacecraft, the  f u e l  i s  hydro- 

I n  order t o  maintain steady-state 

Since a l l  r ra ter ia l  produced i n  the f u e l  

Table I cmpares the  operating charac te r i s t ics  of the basic f u e l  

c e l l  reactors.  

parameters shown, temperature, pressure, and efficiency, the  systems 

follow the same order, with General Elec t r ic  ranking f irst ,  Allis- 

Chalmers second, and P ra t t  & Whitney third.  

basic  power systems, exclusive of f u e l  and tankage, a l so  follow the same 

order . 

It is in te res t ing  t o  note t h a t  for the operational 

The fixed weights of the 

The differences i n  e lectrolyte  composition and operating temperature 

f o r  t he  various c e l l s  naturally r e su l t  i n  s ign i f icant  var ia t ions i n  

mater ia ls  of construction. 

with i t s  low operating temperature and acidic  e lec t ro ly te  material ,  tends 

t o  make l i b e r a l  use of p l a s t i c s  and uses t i tanium metal f o r  the f e w  

meta l l ic  p a t s  tha t  a r e  present. 

For instance, the General Elec t r ic  c e l l ,  

Reii-rforced p l a s t i c  i s  used f o r  the c e l l  

3 



frames as well as  the hydrogen and coolant manifolds. The only metal l ic '  

pa r t s  are the electrodes, current col lector  plates ,  and coolant tubes. 

The General Elec t r ic  c e l l  uses a so l id  p l a s t i c  ion-exchange membrane as 

the  electrolyte .  

the a b i l i t y  t o  conduct protons while excluding gas. 

a t  temperatures of 75' t o  90° F w i t h  gas supplied a t  approxhate ly  22 

pounds per square inch absolute. 

8 inches, a re  connected i n  se r i e s  t o  form a stack. 

e l e c t r i c a l l y  connected i n  p a r a l l e l  a r e  contained within a s ingle  canister.  

These a re  shown i n  f igure 2. 

ca l led  a section and cons t i tu tes  an independent power supply. 

of a canplete section i s  shown i n  figure 3. 

the  model shows the coolant and hydrogen manifold connections. 

accessory package i s  mounted on the  side. 

Gemini spacecraft. 

time capabi l i ty  t o  supply 1050 watts. 

Gemini system is 5 1  percent. 

This membrane, a sulfonated polystyrene resin,  has 

The c e l l  operates 

Thirty-two ce l l s ,  each measuring 7 by 

Three such stacks 

Each canis te r  with i t s  accessories i s  

A mockup 

The t r a n s w e n t  end cap on 

The 

Two sections a re  used on the 

Each produces from 120 t o  640 watts and has a short-  

The in s t a l l ed  eff ic iency of the 

The Pra t t  & Whitney system which is being developed f o r  the  Apollo 

spacecraft uses a molten highly concentrated potassium hydroxide e lec t ro-  

ly te .  

425' F i n  the  ce l l .  

of the power system. 

a single power uni t ,  cal led a module i n  the Apollo system. 

shows a module, consisting of a stack and i t s  accessory package, being 

assembled. The Apollo spacecraft c a r r i e s  th ree  modules, each of which 

del ivers  563 t o  1420 watts, with an emergency overload capabi l i ty  Of 

2295 watts. 

The 78 percent potassium hydroxide solut ion i s  heated t o  400' t o  

The single c e l l  i s  again the basic building block 

Thirty-one series-connected c e l l s  a r e  contained i n  

Figure 4 

The reactant  gases a re  supplied a t  60 pounds per square inch 
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' absolute, and the ins ta l led  efficiency of the system i s  6 1  percent. I n  

order t o  handle concentrated potassium hydroxide at  over 400' F, Bat t  

& Whitney makes use of nickel a s  the major mater ia l  of construction f o r  

t h e i r  f u e l  ce l l .  

trodes and i n  so l id  form f o r  the c e l l  case. 

between the c e l l h a l v e s .  

It i s  used i n  sintered powder form t o  make the  elec- 

Teflon i s  used f o r  gaskets 

Allis-Chalmers has the  problem of handling a 35 percent potassium 

hydroxide solut ion a t  temperatures near ZOOo F. 

re ta ined within an asbestos matrix OT b l o t t e r  between the electrodes. 

Ir t h i s  case, the cmposi t ion and tezperat-xe are su f f i c i en t ly  moderate 

so that the use of gold- or nickel-plated mgnesium f o r  the major st ruc-  

tural components within the stack i s  possible. 

system weight, pa i r s  of c e l l s  connected i n  p a r a l l e l  a r e  arranged about 

cormon water-removal cavi t ies .  Thirty t 0  5hirty-three pairs a re  cor- 

nected i n  ser ies  t o  form a stack. A noainal-Z-kilowatt stack i s  shown 

i n  f igure 5. 

both Allis-Chalmers and the  NASA Manned Spacecraft Center. 

The e lec t ro ly te  i.s 

I n  order t o  mizxbize 

Testing of breadboard power systems i s  being performed a t  

The differences i n  e lectrolyte  compositio2 and operating tempers=ture 

r e s u l t  i n  different  approaches t o  temperat-sre control and mode of water 

removal. The specific approaches presently used &re described in the  

following paragraphs. 

f u e l  c e l l  system developed for  the &mini spacecraft;. 

c e l l  uses a c i rcu la t ing  coolant, norinally a glycol-water mixtxre, which 

is pumped d i r ec t ly  through tubes attached t o  the  oxygen side of t he  f u e l  

c e l l  as the means for temperature control. 

t o  preheat incoming gasses. 

'through a radiator .  I n  addition t o  rm-oving waste heat, the coolact, a l so  

5 

Figure 6 i s  a schematic repzeaentation of the  

The Geninl fhel 

The heated coolark i s  used 

The remainder of the heat i s  r e j ec t ea  



serves as the driving force f o r  the water removal step. 

i l l u s t r a t ed  i n  figure 7. 

The process i s  ' 

Water i s  produced within the  f u e l  c e l l  a t  a 

vapor pressure approxjmately equal t o  t h a t  of pure water at  the  c e l l  

operating temperature. The coolant tubes, which a re  attached t o  the 

oxygen current col lector  plate ,  cause a temperature p a d i e n t  t o  e x i s t  

between the surface of the e lec t ro ly te  and the oxygen col lector  plate.  

As can be seen f r o m  f igure 7, woven cloth wicks a re  placed within 

channels preformed in to  the oxygen current col lector  plate.  The water 

which i s  vaporized a t  the oxygen electrode condenses on the  wicks 

because of the temperature gradient imposed by the coolant. The capi l la ry  

act ion of the wicks serves a s  a passive means f o r  t ransport ing water 

from the f u e l  c e l l  t o  a col lect ion vessel. Although the operating 

current density and eff ic iency of t h i s  c e l l  a re  somewhat lower than those 

of the other c e l l s  being developed, the favorable construction charac- 

t e r i s t i c s  lead t o  a lightweight system. The almost e n t i r e l y  passive heat 

and mass t ransfer  system allows very low pa ras i t i c  power consumptions 

ranging from 3 t o  4 percent of the gross power output. The Gemini system 

has already passed f l i g h t  vehicle qua l i f ica t ion  t e s t s  and with the  f l i g h t  

of Gemini V becane the  first f u e l  c e l l  system t o  be orbi ted aboard a 

spacecraft. 

The system which Pratt & Whitney is  developing f o r  the  Apollo space- 

craft has already undergone i t s  pneliminary f l i g h t  qua l i f ica t ion  tes t ing .  

The fue l  c e l l  uses a free e lec t ro ly te  which i s  held between the  elec-  

trodes by the dual-porosity s t ructure  of the electrodes.  The heat- and 

mass-transfer operations a re  performed a t  the  hydrogen electrode, as 

shown i n  figure 8. A quantity of hydrogen gas i n  excess of that 

required f o r  the electrochemical reac t ion  i s  constant ly  c i rculated past  

6 



the  hydrogen electrode. Water evaporates from the  electrode surface 

in to  the gas stream. The r a t e  of water removal i s  controlled by the  

r e l a t ive  saturat ion of the incoming gas. Heat i s  likewise removed i n  

the hydrogen stream by controll ing the i n l e t  temperature. The overal l  

system schematic i s  shown i n  figure 9. The moist, hot hydrogen under- 

goes a two-step temperature reduction t o  condense the  amount of water 

required. The stream i s  pa r t i a l ly  cooled i n  the f u e l  regenerator and 

then passes through a water condenser t o  complete the condensation. 

The two-phase stream then passes through a combined pump-separator unit .  

The ro ta t ing  separator creates an a r t i f i c i a l  gravi ta t ional  f i e l d  which 

allows separation of l iqu id  water from the gas. The hydrogen gas i s  

then returned t o  the  f u e l  ce l l .  

pwnp and water separator un i t s  tends t o  make the  pa ras i t i c  power 

requirement fo r  t h i s  system somewhat high, generally near 10 percent. 

I n  addition, the fixed weight of the f u e l  c e l l  stack tends t o  be 

higher than tha t  of the other two system discussed because of the 

extensive use of nickel as a material  of construction. However, the 

high eff ic iency of t h i s  f u e l  c e l l  as  compared t o  the  others makes it 

a t t r a c t i v e  where r e l a t ive ly  large kilowatt-hour outputs are  required. 

The Allis-Chalmers f u e l  c e l l  system i s  the  only one described i n  

The power consumption of the hydrogen 

t h i s  paper i n  which the heat- and mass-transfer operations are en t i r e ly  

separate and independent. 

ture by c i rcu la t ing  helium gas as a coolant over the  c e l l  stack. 

i s  conducted from within the  individual c e l l s  t o  the outer surface 

through the  magnesium s t ruc tu ra l  material. 

i s  shown schematically i n  f igure 10. 

s ide  of the hydrogen electrode between the electrode and a second 

The c e l l  i s  maintained a t  a constant tempera- 

Heat 

The water-removal procedure 

Hydrogen gas i s  fed t o  the back 

7 



asbestos pad containing a potassium hydroxide solution t h a t  i s  more 

concentrated than tha t  within the electrolyte  pad. 

c e l l  e lectrolyte  concentration is  35 percent, the solution i n  the water- 

removal pad may be 40 percent potassium hydroxide. 

concentrations causes a water vapor pressure gradient t o  e x i s t  between 

the  electrolyte  matrix and the  water-removal matrix. 

pressure gradient ac t s  as the  driving force f o r  water removal. Water 

is  automatically t ransferred from the e lec t ro ly te  membrane t o  the 

water-removal matrix. 

a concentration equilibrium, the r ea r  side of t he  water-removal matrix 

is  exposed t o  vacuum. The pressure i n  the chamber i s  varied i n  order 

t o  maintain the desired e lec t ro ly te  concentration within the water- 

removal matrix i t s e l f ,  and therefore t o  control the vapor pressure 

gradient. 

i n  the water-removal stream. The main pa ras i t i c  power consumers i n  

the system are the helium c i rcu la t ing  fans within the  module canister.  

For a complete powerplant, pa ra s i t i c  power i s  estimated t o  be about 

6 percent of the gross output. 

water recovery by placing a condenser i n  the  exhaust stream f’rom the 

water-removal cavity. 

t r o l s  the temperature of an asbestos matrix which a c t s  as the condensing 

surface. The capi l la ry  forces  of the  asbestos t r ans fe r  the water t o  a 

storage vessel i n  t h e  same manner as the wicks i n  the  General Elec t r ic  

system. The Allis-Chalmers system i s  current ly  undergoing performance 

t e s t s  i n  breadboard form a t  the NASA Manned Spacecraft Center i n  Houston, 

Texas. 

sideration f o r  future f l i g h t  missions. 

For example, if the 

The difference i n  

This vapor 

I n  order t o  prevent the two pads from reaching 

This is  accomplished by means of a vacuum regulator valve 

The system can be designed t o  accamplish 

As presently conceived, a c i rcu la t ing  coolant con- 

It i s  ant ic ipated tha t  t h i s  system w i l l  receive serious con- 

8 



Thus, it can be seen that primary hydrogen-oxygen f u e l  c e l l  systems 

m y  be viewed as process var ia t ions on a single chemical reaction. The 

reactor  designs and operating conditions d i f fe r .  As  a r e s u l t ,  the heat- 

and mass-transfer modes a re  designed t o  be compatible with the specif ic  

s e t  of operating conditions involved. However, i n  every case, the net 

r e s u l t  i s  the same, namely, the d i r e c t  conversion of hydrogen and oxygen 

t o  water and e l e c t r i c a l  energy. While background research must be con- 

d x t e d  by electrochemists and chemists, the  engineering developnent 

associated w i t h  cor;verticg a single f u e l  c e E  i n t o  a working power systea 

i s  a job which seems t o  be uniquely szi ted t o  the  t r a in ing  and in t e re s t s  of 

the chenical engineer. While three systems are  cmi-ently i n  an advanced 

development s t a t e  f o r  spaceflight applicatAoris, there  i s  s t i l l  room for 

overa l l  improvement, par t icu lar ly  13 the areas of weight reductiou-, p ~ a -  

s i t i c  power reduction, and re l iab i l i t j r .  Tnerefox, the PJel c e l l  systerns 

of the future would be expected t o  r e su l t  from finding simpler, nore 

r e l i ab ie ,  and more e f f i c i e n t  means for p e r f m k n g  the heat- arid mass- 

ti*ans+er operations required t o  operate the fuel c e l l  as an isothermal 

s$eady-state reactor.  

9 



TABLE I. - C E U  OPERATING CHARACTERISTICS 

Electrolyte  Source 
Operating 

temperature, 
O’F? 

General Elec t r ic  

W a t t  & Whitney 

22 

60 

A l l i  s - Chalmer s 

51  

61 

“5 7 

aEs t b a t  e d 

35 Percent 
potassium 
hydroxide 

190 t o  200 

Ion-exchange 
membrane 

75 to 90 

78 Percent 
potassium 
hydroxide 

400 t o  425 

Reactant Ins ta l led  

ercent 

37 
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Product Fuel cell 

Oxidant d 
Heat 

Figure 1. - Fuel cell flow diagram. 

Figure 2. - Gemini fuel cell stack assembly. 
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Figure 3. - Gemini section model 

Figure 4. - Apollo fuel cel l  assembly. 



N 
tr 
hl 
Er) 

I 
M 



LECTRODE SCREEN 

CURRENT COLLECTOR 

EXCHANGE H2 

WATER TO STORAGE 

cs-25511 

Figure 7. - Ion-exchange membrane fuel cell for space application. 

p CURRENT 

-FINE 
PORE LAYER 

ELECTROLYTE 

-REACTION SITE 

CS-25505 

Figure 8. - Hydrogen electrode processes i n  Bacon-type fuel Cell. 



Figure 9. - Schematic drawing of Apollo fuel cell system. 
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A H2 
O 0 2  

H 2 0  Vapor 
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f Electrolyte front 

\ \ 

KOH Electrolyte A \\ 

H ~ O  Vapor removal cavity i 

Figure 10. - Static vapor pressure control water-removal system. 
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